The Spt-Ada-Gcn5 acetyltransferase (SAGA) family of transcriptional coactivators are prototypical nucleosome acetyltransferase complexes that regulate multiple steps in gene transcription. The size and complexity of both the SAGA enzyme and the chromatin substrate provide numerous opportunities for regulating the acetylation process. To better probe this regulation, here we developed a bead-based nucleosome acetylation assay to characterize the binding interactions and kinetics of acetylation with different nucleosomal substrates and the full SAGA complex purified from budding yeast (Saccharomyces cerevisiae). We found that SAGA-mediated nucleosome acetylation is stimulated up to 9-fold by DNA flanking the nucleosome, both by facilitating the binding of SAGA and by accelerating acetylation turnover. This stimulation required that flanking DNA is present on both sides of the nucleosome and that one side is >15 bp long. The Gal4 -VP16 transcriptional activator fusion protein could also augment nucleosome acetylation up to 5-fold. However, contrary to our expectations, this stimulation did not appear to occur by stabilizing the binding of SAGA toward nucleosomes containing an activator-binding site. Instead, increased acetylation turnover by SAGA stimulated nucleosome acetylation. These results suggest that the Gal4 -VP16 transcriptional activator directly stimulates acetylation via a dual interaction with both flanking DNA and SAGA. Altogether, these findings uncover several critical mechanisms of SAGA regulation by chromatin substrates.
The Spt-Ada-Gcn5 acetyltransferase (SAGA) 5 family of transcriptional coactivators are large, multisubunit complexes that are highly conserved across eukaryotic species, from yeast to humans (1) . Subunits of SAGA were originally identified as effectors of transcription through genetic screens in budding yeast (2, 3) , and they were later shown to be associated in a complex containing at least 19 different protein subunits (4, 5) . In yeast, SAGA has been shown to be important for the transcription of the majority of all inducible genes, such as stressresponse genes that account for ϳ10% of the yeast genome (6) . In higher eukaryotes, SAGA not only regulates genes that are expressed in response to external stress, but also those activated by developmental cues (7) . Indeed, mice lacking SAGA perish during embryogenesis (8) , and defects in SAGA subunits in humans can lead to congenital disorders, such as the neurodegenerative condition of spinocerebellar ataxia type 7 (9, 10) . In addition to its role in transcription, SAGA has also been shown to be involved in mRNA export (11) , DNA repair (12) , and DNA replication (13) .
One of the major ways that SAGA achieves its function is through its innate histone acetyltransferase activity. This catalytic activity resides in the Gcn5 subunit of SAGA, which transfers acetyl groups from acetyl-CoA (CoA) to lysine residues in the tails of histone proteins (14) . Heterologously expressed Gcn5 acetylates a single lysine residue, Lys-14, on free histone H3 (15) . However, when associated with other SAGA subunits, Gcn5 gains additional specificity and acetylates up to six lysine residues on H3 and to a smaller degree on H2B (4, 16 -18) . During transcription, this histone acetylation generates transcriptionally activated chromatin, and in yeast, SAGA mediates this acetylation in several different ways. Under rich medium conditions, SAGA maintains a basal state of histone acetylation globally throughout the yeast genome, poising genes for activation (19) . Under stress conditions, SAGA becomes localized to the promoters of induced genes and acetylates chromatin to facilitate transcription initiation (20) . Additionally, for all transcribed genes, SAGA is present in the open reading frames of genes, and histone acetylation assists in transcriptional elongation (21) .
How the localization and activity of SAGA are regulated is key to its biological function, and a number of factors have been identified, including the incorporation of histones into nucleosomes (22) , post-translational histone modifications (23) (24) (25) , and SAGA-interacting chromatin-associated proteins (26 -28) . An important class of SAGA-interacting chromatinassociated proteins are the transcriptional activators (29) . These proteins are downstream of signaling pathways and bind to promoter regions of induced genes to initiate transcription. In addition to a DNA-binding domain, they contain a transcriptional activation domain that can interact with a number of transcriptional coactivators and general transcription factors (30 -32) . Yeast SAGA has been shown to directly interact with numerous different transcriptional activator proteins (29) , and this interaction stimulates nucleosome acetylation, both in vivo and in vitro (33) (34) (35) .
To ultimately better understand the requirements and mechanism of activator-mediated stimulation of SAGA acetylation, we previously developed a nucleosome acetylation assay that utilized chromatin model systems assembled from individual nucleosomes and purified endogenous SAGA complex from budding yeast (36) . In the course of developing this assay, we obtained results suggesting that the DNA flanking a nucleosome could stimulate SAGA activity. To substantiate these results, as well as to characterize the effect of activator proteins, here we develop several new assays for characterizing nucleosome acetylation and binding, and we apply them to studying the role of flanking DNA and activator on SAGA-mediated nucleosome acetylation.
Results

SAGA-mediated nucleosome acetylation
To characterize how different factors affect the mechanism of SAGA-mediated nucleosome acetylation, we developed a beadbased, initial rate, steady-state nucleosome acetylation assay that extends our previously described acetylation sequencing assay (36) . In our new assay, we immobilized biotinylated nucleosome GBY (Fig. 1A ) onto streptavidin-coated magnetic beads. GBY was assembled from recombinant histones and a DNA template containing 147 bp of the 601 strong octamer positioning sequence that was flanked by 95 bp on one side and 15 bp on the other side. Embedded in the 95-bp flanking DNA and 24 bp away from the 147-bp sequence was a 17-bp recognition sequence for the yeast Gal4 transcriptional activator domain (37) , although no activator protein was present in our initial assays. To perform the initial rate, steady-state assays, tritium-labeled acetyl-CoA, and purified native yeast SAGA complex were added to the bead-bound GBY nucleosomes, and aliquots of the reaction were removed at specific time points ( Fig. 1A) . These aliquots were washed to remove unincorporated acetyl-CoA and then counted by liquid scintillation.
These assays included concentrations of SAGA and nucleosomes that were significantly lower than we used previously (36) and required optimization to obtain greater sensitivity. Therefore, prior to counting samples by liquid scintillation, aliquots were washed with hydroxylamine to remove unincorporated acetyl-CoA. This compound cleaves the thioester bond of acetyl-CoA (38) and thereby liberates the tritiated acetyl group away from any CoA nonspecifically associated with the beads. Using this strategy, we found that linear rates of acetylation could be collected over a wide range of nucleosome concentrations, indicating that steady-state, initial rate kinetic analysis was possible. By plotting the initial rates of nucleosome acetylation as a function of nucleosome concentration (Fig. 1B) , we observed saturation of acetylation activity on GBY nucleo-somes that was well fit to the Michaelis-Menten equation, yielding a K m of 22 Ϯ 4 nM and a k cat of 1.0 Ϯ 0.1 min Ϫ1 .
Additional experiments were next performed to interpret these kinetic constants. Although the K m value of an enzyme is often used as shorthand for the dissociation constant (K D ) and for its substrate, there can be a significant deviation between the two. Formally, the K m value represents the overall dissociation constant of all enzyme-bound species and can differ from the K D value because of additional bound intermediates or rapid turnover. To determine the K D value of SAGA for GBY nucleosomes, a binding titration, was performed between SAGA and the GBY nucleosomes in the presence of CoA via electrophoretic mobility shift assays (EMSA) (Fig. 1C ). CoA was used in this assay because acetyl-CoA would result in turnover by the enzyme, potentially obfuscating our analysis of shifted nucleosome. In this experiment, the band corresponding to GBY nucleosome alone (Fig. 1C , left lane) decreases with increasing amounts of SAGA complex, concomitant with the appearance of a species with decreased mobility. The shifted species requires SAGA but is not SAGA alone as the DNA stain does not detect SAGA without nucleosomes (Fig. 1C , rightmost lane). These results indicate formation of a complex between SAGA and the nucleosome and give a qualitative measurement of the strength of the interaction, where half-saturation of binding appears to occur at 16 Ϯ 3 nM. This apparent K D value is in rough agreement with the measured K m of 22 nM, although it may reflect an increase in binding affinity between GBY nucleosome and SAGA.
To better understand the nature of the acetylation turnover parameter, k cat , time-course experiments were done to probe early and late acetylation events. Initial experiments were performed with 200 nM nucleosome (ϳ10 ϫ K m ) at a concentration of SAGA complex close to nucleosome concentration (50 nM) . Under these conditions, acetylation did not proceed with a simple linear or exponential rate ( Fig. 1D ). In the late time points, each nucleosome has been acetylated on average more than twice (for example, at 300 s each nucleosome has 10 acetylations on average). This indicates that this portion of the progress curve includes kinetic information on acetylation subsequent to the first histone acetylation. The rate in this region was significantly less than the rate of early time points, and one possible interpretation of these data is that after completing the first histone acetylation, subsequent acetylation is significantly slower. However, the rate of acetylation in the early time points is significantly greater than the measured steady-state turnover from the earlier experiment ( Fig. 1B ). This suggests that the reaction may undergo burst-phase kinetics, where the rate of pre-steady-state acetylation is faster than steady-state acetylation. To investigate this possibility, time-course experiments were repeated with less SAGA (4.5 nM), where acetylation of the first nucleosomal lysine would not proceed to completion. Under these conditions ( Fig. 1E ), as expected, nucleosome acetylation only proceeds to a limited extent (on average, only 4% of nucleosomes contained a single acetylation). However, the initial rates of acetylation still appear faster than the linear steady-state rate observed later in the time course, consistent with burst-phase kinetics. Thus, these 
data together suggest that rapid acetylation proceeds steadystate acetylation turnover.
Effect of flanking DNA
To probe the effect of flanking DNA on nucleosome acetylation, we compared the GBY nucleosome (ϩ95/ϩ15) with a 147-bp nucleosome (ϩ0/ϩ0). This nucleosome is composed of the same recombinant histone proteins and 147 bp of the 601 strong positioning sequence as the GBY nucleosome with no flanking DNA. We found that in the absence of flanking DNA, the overall rate of nucleosome acetylation was reduced more than 5-fold ( Fig. 2A ), suggesting that flanking DNA stimulates nucleosome acetylation. Although our previous studies with GBY nucleosomes were not affected by attachment to the bead (36), we compared the rate of acetylation on bead-bound 147-bp nucleosomes to those free in solution to ensure this attachment was not responsible for the decreased activity ( Fig.  2A ). Attachment of the 147-bp nucleosome to the bead did not decrease the extent of its acetylation, confirming that reduction in 147-bp nucleosome acetylation relative to the GBY nucleosome was due to its lack of flanking DNA.
To characterize the mechanism by which flanking DNA stimulates nucleosome acetylation, we performed initial rate, steady-state kinetic analysis on the 147-bp nucleosome and compared the results with that of the GBY nucleosome ( Fig.  2B ). We found that without the flanking DNA, the rate of acetylation was lower at all nucleosome concentrations. Under saturating nucleosome concentrations, the rate of acetylation decreased 4-fold, corresponding to an equivalent decrease in k cat (Table 1) . Additionally, for the 147-bp nucleosome, the half-saturation of this activity required a greater nucleosome concentration, corresponding to an increase in K m of 2.3-fold (Table 1) . Thus, flanking DNA appears to stimulate nucleosome acetylation in two different ways, both by changing the K m and k cat values for the reaction, resulting in a 9.20-fold change of the selectivity constant of the reaction (k cat /K m ).
To characterize the meaning of the K m change, we again performed an EMSA experiment ( Fig. 2C) . In comparing the GBY and the 147-bp nucleosome, we found that the 147-bp nucleosome had a reduced apparent affinity for SAGA of 52 Ϯ 12 nM, requiring 3.3 times the SAGA concentration to obtain the same degree of gel shift. Thus, this result supports the idea that underlying the ability of flanking DNA to change the K m value of SAGA-mediated acetylation is an increased binding affinity for such nucleosomes, although the effect of flanking DNA on SAGA binding may be larger than its effect on the overall K m of the reaction.
To help characterize the observed k cat change, we performed an acetylation time course on the 147-bp nucleosome under near-saturating concentrations of nucleosomes ( Fig. 2D ). Like the GBY nucleosome, the 147-bp nucleosome exhibits a rapid rise in nucleosome acetylation followed by a slower, linear steady-state phase. However, both phases are significantly slower than those exhibited for the GBY nucleosome. Specifically, it appears that the rate of SAGA on the 147-bp nucleosome is four times slower than the GBY nucleosome at all time points, within the error of our measurements ( Fig. 2E ). This is in good agreement with the difference in k cat values obtained above ( Fig. 2B) , where the k cat value of the GBY nucleosome was 4-fold faster than that for the 147-bp nucleosome and suggests that the flanking DNA stimulates multiple phases of nucleosome acetylation.
To determine which features of the flanking DNA stimulate SAGA-mediated acetylation, several different factors were investigated (all using 10 nM nucleosome and 2.0 nM SAGA). To probe whether the sequence or orientation of the flanking DNA were crucial, a GBY-like nucleosome was assembled such that the Gal4 consensus sequence was eliminated, and the flanking DNA orientation relative to the bead was flipped (ϩ15/ϩ95). The acetylation rate was then measured at a nonsaturating nucleosome concentration (20 nM) so that changes in either K m and/or k cat would be detected. The rate of acetylation of this nucleosome was slightly (1.3-fold) higher than that of the GBY nucleosome ( Fig. 3A) , indicating, at most, a modest role of sequence or nucleosome side in controlling acetylation rate.
To determine whether flanking DNA on both sides of the nucleosome stimulated acetylation, additional substrates were examined ( Fig. 3B) . A symmetric nucleosome with relatively limited amounts of flanking DNA (ϩ15/ϩ15) resulted in modest stimulation over nucleosomes lacking flanking DNA. However, a nucleosome with more flanking DNA (ϩ80/ϩ80) achieved stimulation similar to the GBY nucleosomes. To determine whether this stimulation required flanking DNA on both sides, nucleosomes with flanking DNA on a single side were examined (Fig. 3C) . These nucleosomes were able to significantly stimulate acetylation. However, unlike the symmetric nucleosome with 80 bp on both sides (ϩ80/ϩ80), the nucleosome with 80 bp on a single side (ϩ0/ϩ80) did not show equivalent stimulation, indicating that DNA from both sides of the nucleosome contribute to stimulation.
The studies comparing SAGA binding to nucleosome with flanking DNA (GBY nucleosome) to those without (147-bp nucleosome) show that flanking DNA increases SAGA affinity ( Fig. 2C ). To probe how this increase occurs, binding to the flanking DNA alone was characterized ( Fig. 3D ). In these EMSA studies, the majority of DNA binding occurs with addition of 10 nM SAGA. This behavior is similar to the GBY nucleosome but dissimilar to the 147-bp nucleosome, and it suggests that the increase in SAGA binding to nucleosomes with flanking DNA occurs because SAGA can bind the DNA with higher affinity than to the nucleosome core itself.
Effect of activator protein
Because transcriptional activator proteins are known to interact with SAGA and facilitate targeted nucleosome acetylation (33, 35) , we sought to quantify the magnitude and mechanism by which activators facilitate acetylation. For our studies, the fusion protein Gal4 -VP16 (activator fusion protein containing a Gal4 activator DNA-binding domain and a VP16 activator activation region) was chosen as it is one of the best characterized activator protein systems and has been used extensively in studies of SAGA activity in vivo and in vitro (2, 34) . Its interactions with other coactivators and general transcription factor complexes have also been well-studied (30 -32) . This protein contains the DNA-binding domain of the
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yeast Gal4 activator and the activator domain of the herpes simplex virus protein, VP16 (39, 40) .
Gal4 -VP16 has been shown to bind to its consensus sequence with high affinity, and our EMSA experiments show apparent low nanomolar affinity within the range of values reported in the literature (41) (42) (43) . Utilizing recombinant Gal4 -VP16 and the GBY DNA template used to make GBY nucleosomes, we showed that increasing amounts of activator 
protein resulted in formation of a shifted species with concomitant reduction of the free DNA ( Fig. 4A ).
Because these experiments indicate that the DNA-binding domain of the Gal4 -VP16 is functional, we characterized to what extent the activator domain of Gal4 -VP16 could stimulate acetylation. For these experiments, increasing amounts of Gal4 -VP16 were titrated into reactions containing 20 nM GBY nucleosome and 2.5 nM SAGA (Fig. 4B ). Nucleosome concentration was chosen to be nonsaturating so that potential stimulation of acetylation activity due to either changes in K m and/or k cat values would be observable. Indeed, strong activator-dependent stimulation of the acetylation rate was observed, which was especially apparent in comparing rates for high concentrations of activator ( Fig. 4B , right points) versus those lacking activator ( Fig. 4B , leftmost point). Furthermore, activator stimulation increased in a manner expected for saturation binding. At lower concentrations of Gal4 -VP16, activator was sub-stoichiometric relative to nucleosomes, and stimulation was not complete. With more Gal4 -VP16, stimulation increased up to a point. The observed plateau of stimulation at higher concentrations of activator, despite a stoichiometric excess of activator to nucleosome, presumably occurs because all Gal4-binding sites in the GBY nucleosomes are saturated.
To dissect how Gal4 -VP16 mechanistically stimulates acetylation activity, we performed initial rate, steady-state nucleosome acetylation assays with varying concentrations of GBY nucleosome in the presence of a 2:1 ratio of activator/ nucleosome ( Fig. 4C ). Our expectation had been that the activator would stabilize SAGA binding to nucleosomes, reducing the concentration of nucleosome required for half-saturation of acetylation activity (K m ) without changing SAGA acetylation activity when fully saturated with nucleosome (k cat ). However, that was clearly not the case. The presence of activator increased k cat by 4.8-fold ( Fig. 4C and Table 1 ). Additionally, the K m value in the presence of activator was not decreased, but it increased from 22 Ϯ 4 to 46 Ϯ 11 nM ( Fig. 4C and Table 1 ).
Because these reactions were initiated by SAGA addition and there could be an effect of slow binding of SAGA to activator, we modified our assay to initiate the reactions with acetyl-CoA after pre-incubation of SAGA with nucleosome and activator (Fig. 4D ). Under these conditions, the rates of acetylation were comparable with our initial conditions, indicating that order of addition was not a significant factor in the observed stimulation. Thus, our K m and k cat results suggest that activator works predominantly not by increasing the affinity of SAGA for nucleosome but by stimulating the turnover rate of acetylation.
To probe more directly the effect of activator on the binding of SAGA to nucleosome, EMSA experiments were performed on GBY nucleosomes with increasing amounts of SAGA, either with or without Gal4 -VP16 (Fig. 4E ). Unlike the case in which 147-bp nucleosomes changed the concentration of SAGA necessary to generate shifted species (Fig. 2C) , the shifts with activator are not significantly different from those without. These data indicate that activator does not significantly increase the affinity constant of SAGA for nucleosome, consistent with the steady-state results.
To better characterize the source of the k cat change, timecourse experiments with activator protein were performed with saturating concentrations of nucleosomes. Direct comparison of the time courses for GBY nucleosome acetylation with and without Gal4 -VP16 revealed that the presence of activator strongly augmented acetylation throughout the time course ( Fig. 4F ). As expected from our steady-state experiments, this increase included the later time points, corresponding to the steady-state phase of the reaction. This change was also observed in the early time points corresponding to the presteady-state phase. To a first approximation, this stimulation was relatively uniform throughout the time course, meaning that the activator largely affected the amplitude, but not its shape, as was observed for the time courses of nucleosomes with and without flanking DNA ( Fig. 2E ). That said, our data do show some differences in the shape of the time course in the steady-state region, where there appears to be a slight increase in the rate of acetylation. Nonetheless, even if present, the effect appears to be relatively modest.
To better understand Gal4 -VP16-mediated stimulation, experiments were performed to probe which aspects of the activator were required. When increasing amounts of Gal4 -VP16 are added to the 147-bp nucleosome, which lacks the Gal4binding site, there is a significantly more modest stimulation of acetylation that does not reach the stimulation observed with the GBY nucleosome, even at significantly higher concentrations of activator protein (Fig. 5A, right) . These data suggest that Gal4 -VP16 by itself is less efficient in stimulating nucleosome acetylation if its DNA-binding site is not present. Follow-up experiments on the activator itself confirm the importance of both the DNA-binding and activator domains (Fig. 4B) . BSA, a protein lacking both the DNA binding and activator domains, is unable to stimulate acetylation, showing that stimulation is not simply due to nonspecific interactions. Similarly, neither the VP16 activator domain alone nor the Gal4 DNA- ) . B, steady-state nucleosome acetylation analysis shows that the 147-bp nucleosome (white circles) has both an altered K m and k cat relative to the GBY nucleosome (black circles). Assays were performed as described in Fig. 1B , with data for the GBY nucleosome reproduced from Fig. 1B for comparison. C, lack of flanking DNA reduces the apparent affinity of SAGA for nucleosome. EMSA was done with GBY nucleosome (reproduced for comparison from Fig. 1C ) or the 147-bp nucleosome, both with increasing amounts of SAGA complex. D, lack of flanking DNA reduces acetylation turnover at both initial and late acetylation. Experiments for the 147-bp nucleosomes (white circles) were performed as described for the GBY nucleosomes in Fig. 1D , with the GBY nucleosome data (black circles) included for comparison. E, flanking DNA uniformly affects the kinetics of initial and late nucleosome acetylation. Data from D are replotted, where the scale of the y axis for the 147-bp nucleosome (left axis) is shown at 4.12-fold that of the GBY nucleosome (right axis). 
binding domain was able to stimulate acetylation, even at high concentrations.
Discussion
In this study, we have utilized nucleosome binding and acetylation assays to characterize how features of the environment surrounding nucleosomes affect acetylation. We find that both DNA flanking the nucleosome (ϩ95/ϩ15) and the presence of activator proteins significantly stimulate the rate of nucleosome acetylation, with each factor capable of increasing the rate of acetylation by 5-fold or more. We have determined some of the basic requirements for this stimulation. For the flanking DNA, DNA on both sides of the nucleosome could produce full stimulation, but full stimulation was not observed in the ϩ15/ ϩ15 nucleosome (Fig. 3B ). Thus, one side needs to more than 15 bp in length, whereas the other side can be 15 bp or less (Fig.   3C ). For the activator, both domains together are necessary, and flanking DNA is required for full stimulation (Fig. 5, A and  B) . Together, these results suggest that activator directly stimulates acetylation via dual interaction with flanking DNA and SAGA.
Further kinetic analysis has allowed us to dissect mechanistic aspects of acetylation stimulation, and we observe two distinct mechanisms that contribute to a varying degree. One contributor is the changes in SAGA affinity for nucleosome. DNA flanking the nucleosome reduced the concentration of nucleosome necessary to achieve half-saturation of acetylation activity. Moreover, direct characterization of SAGA binding to nucleosome showed that the flanking DNA increases SAGAbinding affinity. In contrast, there does not appear to be a significant role of increased SAGA binding in activator-mediated stimulation, as neither the steady-state kinetic measurements nor 
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the direct nucleosome binding assays demonstrate improved SAGA binding in the presence of activator. The other mechanism contributing to acetylation stimulation is an increase in the maximal steady-state rate of acetyla-tion, and both flanking DNA and activator protein act through this mechanism. Further analysis shows that acetylation proceeds at distinct rates during different stages of the reaction and that flanking DNA and activator stimulate the rate of acetyla- 
tion at all stages. These stages include events after the first acetylation and before the first enzymatic turnover, where acetylation appears to proceed through a burst phase. It is possible that the observed changes in rates could simply be due to flanking DNA and activator increasing the affinity of SAGA for acetyl-CoA, such that stimulation would disappear with saturation of acetyl-CoA binding. However, this does not appear to be the case, as the extent of stimulation remains unchanged at high concentrations of acetyl-CoA (10ϫ of K m , data not shown).
The observation of burst-phase kinetics suggests potential mechanisms by which acetylation proceeds. In the basic model of burst-phase kinetics, the chemical step is fast relative to subsequent steps. This results in an initial burst of product, because the first time an enzyme acts it does so rapidly. However, to perform subsequent reactions, the enzyme has to proceed through the subsequent rate-limiting step, and consequently, the steady-state rate reflects the slower rate-limiting step. A common way that this can occur is through generation of a covalent intermediate during the reaction. This occurs, for example, in some proteases; a covalent adduct is formed between part of the peptide and the enzyme with rapid release of the other half of the peptide. At a much slower rate, a water molecule hydrolyzes the covalent enzyme-peptide intermediate, thereby releasing the peptide and enabling the enzyme to perform another catalytic cycle. Nucleosome acetylation could go through a covalent enzyme intermediate, where an acetyl group is transferred from acetyl-CoA to SAGA prior to transfer of the acetyl group to the histone. However, prior studies with the catalytic Gcn5 subunit show that no covalent intermediate is formed (44) . Furthermore, our assay specifically monitors generation of histone acetylation, not release of CoA, and does not retain SAGA on the beads (data not shown). Thus, it is unlikely that the observed burst-phase kinetics are due to a covalent enzyme intermediate.
Another common mechanism for burst-phase kinetics is that product release is slow relative to product generation. In this case, when product formation is monitored, there is a burst of product prior to the first turnover, with slower steady-state kinetics for subsequent turnovers. Our data are consistent with such a model where SAGA acetylation of the H3 histone could be relatively rapid, but the tight interactions of many subunits of SAGA with multiple parts of the nucleosome result in slow release of the acetylated nucleosome. This model is made more complicated by two additional factors. Because multiple sites of acetylation are available within the H3 histone and the nucleosome in general, this burst phase might additionally represent multiple histone acetylations prior to slow nucleosome release (16, 22) . Also, because SAGA contains bromodomains that can bind acetylated histones, generation of nucleosome acetylation might itself promote SAGA retention, further slowing product release (45, 46) . It should be noted that release and preferential rebinding of acetylated nucleosomes might mimic nucleosome acetylation without release. However, a published study is consistent with committed binding between multiple nucleosome acetylations (47) , and thus we interpret the burst-phase kinetics . Effect of activator protein on SAGA activity. A, recombinant Gal4 -VP16 protein binds tightly to DNA containing a Gal4 recognition site. EMSA with GBY nucleosome DNA and increasing amounts of Gal4 -VP16 protein is shown. B, addition of Gal4 -VP16 protein stimulates SAGA acetylation activity of a GBY nucleosome. The initial rate of nucleosome acetylation was assessed with varying concentrations of Gal4 -VP16 dimer. The data were fit to a model of activator binding that takes into account the fact that Gal4 -VP16 dimer was sub-stoichiometric relative to nucleosome at low activator concentrations. C, Gal4 -VP16 protein stimulates SAGA acetylation activity by increasing k cat . Comparison of the steady-state turnover (rate/enzyme) of GBY nucleosome acetylation in the presence (gray circles) or absence of Gal4 -VP16 (black circles) is shown. The initial rate assays were performed as in Fig. 1B, and the data without Gal4 -VP16 are reproduced for comparison. D, pre-incubation of SAGA with nucleosome and activator does not alter acetylation stimulation. Comparison of initial rates of GBY acetylation with and without Gal4 -VP16 when reaction is either initiated with SAGA or acetyl-CoA addition. E, addition of Gal4 -VP16 protein does not significantly change binding of SAGA to a GBY nucleosome. EMSA with GBY nucleosomes with or without Gal4 -VP16 protein and with increasing amounts of SAGA is shown. F, addition of Gal4 -VP16 stimulates both early and late phases of nucleosome acetylation (gray circles) compared with the same conditions without activator (black circles). The y axis for acetylation turnover in the presence of activator (right axis) has been significantly scaled down to directly compare the shape of the time course to the similar reaction without activator (left axis). Comparison of initial acetylation rates for either GBY or 147-bp nucleosome with increasing amounts of Gal4 -VP16 is shown. Acetylation rates have been normalized so that the rate without added protein is 1, and the data for the GBY nucleosome with Gal4 -VP16 are the same as those shown in B. B, both the Gal4 DNA binding and VP16 activator domain are required for acetylation stimulation. Comparison of initial rates of GBY nucleosome acetylation with increasing amounts of bovine serum albumin (BSA), VP16 activator domain (VP16-AD), or Gal4 DNA-binding domain (Gal4-DNA BD) is shown.
observed to being due to multiple acetylations prior to nucleosome release. Such a model (Fig. 6 ) provides a potential interpretation of how flanking DNA and activator can affect both the burst phase and steady-state phase of the reaction. If these factors facilitate more acetylation per turnover without changing the release rate, then increased acetylation would be observed both in the burst-phase first turnover and in higher levels of acetylation per turnover in the steady-state phase. How binding of DNA or activator increases acetylation per turnover is not clear but could occur through allosterically induced changes to the catalytic site. The ability of DNA flanking the nucleosome to stimulate SAGA activity is not unique to this coactivator complex. ATPdependent chromatin remodeling complexes have been shown to be influenced by nucleosome flanking DNA. For example, the chromatin-assembly factor complex spaces nucleosomes evenly on DNA by increasing its remodeling activity in response to longer flanking DNA (48) . Additionally, the SWI/SNF-related (SWR1) complex incorporates the noncanonical histone H2A.Z/H2B dimer into the chromatin near nucleosome-free regions of DNA by preferentially binding and remodeling nucleosomes with flanking DNA (49) . These examples demonstrate that flanking DNA is integral in the biological role of these chromatin remodeling complexes. Our results with SAGA suggest that the ability of the flanking DNA to change the localization and activity of chromatin remodeling complexes extends to those that modify histones, as well. Stimulation of SAGA binding and acetylation activity toward nucleosomes possessing substantial flanking DNA may also contribute to its overall biological activity. The amount of flanking DNA surrounding a nucleosome varies throughout the genome. However, in budding yeast, the most common DNA distance between nucleosomes is 15 bp (50) . This suggests that many nucleosomes would have less flanking DNA on both sides necessary for full SAGA activity, although our use of the strong 601-177-12 positioning sequence might have accentuated this effect by tightly sequestering the nucleosome entry-exit DNA that is more readily available for native nucleosomes. Changes in DNA-octamer interaction could extend to nucleosome positioning, where nucleosome density can decrease during transcription (51) , and this could help facilitate SAGA action. For example, the SAGA complex is found at all open reading frames of all transcribed genes (21) . As transcription occurs and nucleosome density decreases, SAGA might preferentially bind in these regions, acetylate nucleosomes, and promote downstream transcriptional events.
As the acetylation activity of SAGA is sensitive to flanking DNA, it is likely that subunits of SAGA directly bind to flanking DNA. Putative DNA-binding domains within subunits of SAGA have been identified and may serve this role. The Swi3/ Rsc9/Moira (SWIRM) domain of mouse Ada2␣, a subunit required for the expanded specificity of Gcn5 (22) , was shown to bind dsDNA and a dinucleosome substrate with ϳ165 bp of linker DNA, but it does not bind a single nucleosome that lacks flanking DNA (52) . Our activity results correspond with this observation, as SAGA demonstrates higher affinity and activity on nucleosomes containing flanking DNA versus none. The zinc finger domain of Sgf11 is another putative DNA-binding domain in SAGA. Sgf11 associates with Ubp8, a subunit that performs the second catalytic activity of SAGA, the deubiquitination of histone H2B (53, 54) . NMR titration experiments demonstrate that the zinc finger domain can weakly bind dsDNA but can strongly bind nucleosomes (55) . However, this tight binding of nucleosomes may not result from DNA binding but from interaction of the domain with the acidic patch on the H2A/H2B dimer (56) . Furthermore, both fission yeast and human TFIID have been shown to make interactions with the DNA beyond TATA-binding protein (TBP) interactions (57, 58) . SAGA shares a core of TBP-associated factors with TFIID that act as a scaffold for assembly of other proteins, some of which may also interact with the DNA (59, 60) .
Transcriptional activators bind to DNA consensus sequences and interact with coactivators and basal transcription factors to promote formation of the pre-initiation complex at promoters (61) . SAGA has been shown to directly interact with a wide range of transcriptional activators (29) , and the transcriptional activation domain of VP16 has been shown to interact with a number of SAGA subunits in isolation, including Ada2 (62, 63), Taf9 (64, 65) , and Tra1 (29) . However, cross-linking experiments with the full SAGA complex indicate that VP16 interaction occurs predominantly with the Tra1 subunit (29) . The interaction of SAGA with activator results in localized nucleosome hyperacetylation in vivo at gene promoters and in vitro in reconstituted chromatin model systems (33, 34) . Based on the ability of activators to bind coactivators and general transcription factors (30 -32) , the model generally proposed for activator function is that it recruits factors to the promoter. Indeed, in probing the source of activator-stimulated nucleosome acetylation ( Fig. 4B ), we expected that Gal4 -VP16 would increase the affinity of SAGA for nucleosomes. On the contrary, our steady-state kinetic analysis of the saturation of acetylation activity ( Fig. 4C ) and direct characterization of nucleosome binding by SAGA ( Fig. 4E ) both indicate that activator does not increase binding affinity. Instead, activator appears to increase the overall acetylation turnover. Thus, our data suggest that at promoters, interaction of SAGA with activators does not act so much as to recruit SAGA but instead locally stimulates its acetylation activity. Such a model might predict that in vivo localization of SAGA is not enhanced by activator, which does not appear to be the case (35) . However, because activatorenhanced nucleosome acetylation could also stabilize SAGA localization via direct acetylation binding and indirect access to the DNA (23), these pathways might also account for activatorenhanced SAGA localization.
This finding represents a novel mechanism of activator actions with respect to SAGA and potentially for activator-interacting proteins in general. Although it is not clear how interactions between Gal4 -VP16 and SAGA produce this stimulation, based on the distance between the VP16-interacting subunit, Tra1, and the catalytic subunit, Gcn5 (60, 67), as mentioned above, it is possible that activator binding allosterically changes Gcn5 activity via some conformational change. Such allosteric activation by proteins is a common regulatory strategy, and even in the absence of activator there is evidence from EM and cross-linking studies that SAGA, or SAGA missing specific subunits, can adopt different conformations (68 -70) . Additionally, the ability of activator proteins to induce conformational changes in binding partners has precedence. For example, the Rap1 activator protein can induce conformational changes in the basal transcription factor complex TFIIA (71), and various activators, including VP16, can induce conformational changes in the CRSP coactivator complex (72, 73) .
From our studies, it is not clear how activator binding relates to stimulation from flanking DNA. In Fig. 4B , we observe that the Gal4-binding domain alone can reduce SAGA activity. This could be due to Gal4 binding precluding SAGA access to flanking DNA, thereby preventing such stimulation. However, because this effect requires relatively high concentrations of DNA-binding protein, there may also be effects outside of Gal4-binding site binding, such as nonspecific binding.
Experimental procedures
Nucleosome preparation
Biotinylated GBY DNA was prepared as described previously (36) . All other DNA for nucleosome assembly were generated by PCR amplification using a forward primer containing a biotin moiety with a 15 atom spacer at the 5Ј end. DNA template details and sequences are provided in the supporting Materials. Recombinant Xenopus laevis histones were prepared (74) and assembled into octamers, as described previously (75) . Nucleosomes were assembled by depositing the histone octamer on different lengths of template DNAs by the process of rapid dilution and then dialysis into LDB buffer (2.5 mM NaCl, 10 mM Tris, pH 7.4, 0.25 mM EDTA), as described previously (76) . The homogeneity and degree of saturation of the assembled nucleosomes were assessed on a 4% native PAGE and shown in Fig. S1 . Nucleosomes were used without further purification. GBY nucleosome was immobilized on hydrophilic streptavidin beads from New England Biolabs, as described previously (36) . Other nucleosomes containing biotinylated DNA were directly bound to the streptavidin beads by incubating ϳ200 g of resin with 3.73 pmol of nucleosome at a final concentration of 150 nM.
SAGA and Gal4VP16 preparation
Endogenous SAGA complex from Saccharomyces cerevisiae was purified using the TAP purification strategy, as described previously (77) . The purity of the complex was confirmed by silver stain gel analysis. The purified enzyme was quantitated by Western blotting compared with known amounts of recombinantly expressed and purified Gcn5 that had been quantified by Bradford analysis, and SAGA stocks were typically prepared at a concentration between 80 and 150 nM. Activity of the purified enzyme was assessed with a synthetic H3 peptide, as previously described (78) . Recombinant Gal4VP16 was purified from E. coli Xa90 cells transformed with pJL2S plasmid (a generous gift from Dr. Steve Triezenberg) largely according to a previously published protocol (79) .
Electrophoretic mobility shift assays
Binding between 2 nM GBY DNA and Gal4 -VP16 (0, 2, 4, 8, 16, and 32 nM) was performed at room temperature for 15 min
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in 20 l of binding buffer (10 mM HEPES, 100 mM NaCl, 5 mM DTT, 4 mM MgCl 2 ⅐6H 2 O, 1 mM PMSF, 5% glycerol, pH 7.5). Reaction products were resolved by 4% native PAGE at 60 V for 60 min in 0.5ϫ TBE. Binding between 5 nM GBY or 147-bp nucleosomes and SAGA (0, 7, 13, 27, and 53 nM) was performed at 30°C for 9 min in a 7-l reaction. 5 nM nucleosomes were pre-incubated with 30 M CoA at 30°C, with or without 20 nM Gal4 -VP16. Reaction products were resolved on a pre-run (30 min at 100 V at 4°C) composite gel (0.25% agarose and 2% acrylamide). The gel was run for 25 min at 100 V at 4°C in 0.25ϫ TBE. Gels were stained with SYBR Gold stain. All EMSA experiments were performed at least two times.
Acetylation kinetics
Steady-state kinetics were performed under initial rate conditions, with limiting concentrations of SAGA (36) . Generally, 25 l of bead-bound substrate at 2ϫ the desired final nucleosome concentration in LDB was mixed with 25 l of 2ϫ HAT buffer (50 mM Tris, pH 7.5, 10% glycerol, 0.25 mM EDTA, 300 mM NaCl, 2 mM DTT, 2 mM PMSF, 20 mM sodium butyrate, 8 M acetyl-CoA, with a specific activity of tritiated acetyl-CoA of 15.6 -37.0 Ci/mmol). After incubating at 30°C for 5 min, reactions were initiated by adding 1 l of SAGA stock (1.25-2.5 nM final enzyme). 10-l aliquots were taken at 0, 3, 6, and 9 min and were directly added to tubes containing 10 l of WB1 (100 mM NaCl, 50 mM Tris-Cl, 10 mM MgCl 2 , 1 mM DTT, 0.1% Triton X-100). Each sample was washed four times with WB1 at room temperature and five times with WB2 (50 mM NH 2 OH, 0.1% Triton X-100, 50 mM Tris-Cl, pH 7.5) at 37°C, with 25 min of incubation. The beads were resuspended in 10 l of WB1 and 6 -9 ml of EcoScint scintillation mixture. Acetylation generated per time was determined from the counts/min by accounting for the specific activity of the labeled CoA, the instrument counting efficiency, counting efficiency of bead bound or solution substrate (same), reaction aliquot volume, counts/min to decays/min to curie conversion. Rates were fit to the Michaelis-Menten equation to get half-saturation and turnover parameters. Bead-free acetylation assays were performed as described previously (36) . In all kinetic experiments, each condition was repeated at least three times.
Assays with a fixed concentration of nucleosome and increasing amounts of activator were performed as described above, but with 20 nM of either GBY or a 147-bp nucleosome and varying concentrations of Gal4 -VP16 or BSA (0 -800 nM). Data for increasing amounts of Gal4 -VP16 with GBY nucleosome were fit to a quadratic form (80) , to account for the fact that the concentration of activator was potentially close to its K D value. For assays with increasing concentrations of nucleosome, Gal4 -VP16 was added to 2ϫ the nucleosome, but otherwise performed as described above.
Experiments focused on characterizing the time course of more extensive acetylations were performed as above with either 4.5 or 50 nM SAGA and 200 nM nucleosome as above, but with an unlabeled acetyl-CoA reaction quench step. Specifically, 10-l reactions were stopped with the addition of 10 l of 250 M cold acetyl-CoA in WB1. In reactions containing Gal4 -VP16 reactions, 2ϫ activator/GBY nucleosome was used. To fit a mechanism-free model of acetylation progression (81), acety-lation incorporation was fit to the sum of a linear and simple exponential component. For a mechanism-based model of burst-phase kinetics, an analytically derived fit was utilized (66). To account for the possibility of multiple acetylations per enzyme turnover in the burst phase, the acetylations/turnover was included as a fit parameter. 
